Fanconi anemia (FA) is an inherited cancer predisposition syndrome characterized by cellular hypersensitivity to DNA interstrand crosslinks (ICLs). To repair these lesions, the FA proteins act in a linear hierarchy: following ICL detection on chromatin, the FA core complex monoubiquitinates and recruits the central FANCI and FANCD2 proteins that subsequently coordinate ICL removal and repair of the ensuing DNA double-stranded break by homologydependent repair (HDR). FANCD2 also functions during the replication stress response by mediating the restart of temporarily stalled replication forks thereby suppressing the firing of new replication origins. To address if FANCI is also involved in these FANCD2-dependent mechanisms, we generated isogenic FANCI-, FANCD2-and FANCI:FANCD2 doublenull cells. We show that FANCI and FANCD2 are partially independent regarding their protein stability, nuclear localization and chromatin recruitment and contribute independently to cellular proliferation. Simultaneously, FANCD2--but not FANCI--plays a major role in HDR-mediated replication restart and in suppressing new origin firing. Consistent with this observation, deficiencies in HDR-mediated DNA DSB repair can be overcome by stabilizing RAD51 filament formation in cells lacking functional FANCD2. We propose that FANCI and FANCD2 have partially non-overlapping and possibly even opposing roles during the replication stress response.
INTRODUCTION
FA (Fanconi anemia) is an inherited genomic instability disorder that is characterized by bone marrow failure and a strong predisposition to cancer, predominantly leukemia and squamous cell carcinoma (1, 2) . A defining characteristic of FA patient cells is that they are highly sensitive to DNA ICL (interstrand crosslink)-inducing agents such as MMC (mitomycin C) and DEB (diepoxybutane). Moreover, FA cells exhibit spontaneous chromosomal aberrations that are further exacerbated upon treatment with replication inhibiting agents such as HU (hydroxyurea) or APH (aphidicolin) (1, 3, 4) . Thus, the FA pathway constitutes an extremely important pathway for the maintenance of genome stability. Currently, 21 different FA genes have been identified and mutations in any one of them are sufficient to cause FA (5-7).
The canonical FA pathway of DNA ICL repair is thought to consist of three layers: an upstream FA core complex (8 proteins), a central protein heterodimer composed of FANCI and FANCD2 (the ID2 complex), and a growing number of downstream proteins including FANCD1/BRCA2 (breast cancer associated protein 2) and the FANCR/RAD51 (radiation sensitive 51) recombinase (5, 8) . Repair of the DNA ICLs occurs predominately in S-phase when they block the progression of replication forks (9, 10) . Following DNA ICL detection during S-phase, the FA core complex acts as an E3 ubiquitin ligase that monoubiquitinates FANCI and FANCD2, facili-tating their recruitment to DNA ICLs on chromatin (11) (12) (13) (14) . Subsequently, the chromatin-bound ID2 complex coordinates downstream FA scaffolding proteins and nucleases like FANCP/SLX4 (synthetically lethal in the absence (X) of Sgs1 4) and FANCQ(XPF)/ERCC1 (xeroderma pigmentosum F/excision repair cross-complementing 1), respectively, along with BRCA2 and RAD51 to mediate incisions at the DNA ICL, followed by HDR (homologydependent repair) of the newly generated DNA DSBs (double-stranded breaks) (5, 8, (15) (16) (17) (18) (19) (20) .
Recent studies from our laboratory and others discovered novel roles for FANCD2 during the replication stress response (4, (21) (22) (23) (24) (25) (26) . Upon replication fork stalling in the presence of HU or APH, FANCD2 is recruited to the stalled forks where it performs dual roles. First, it protects the stalled replication forks from nucleolytic degradation (4, 21) . FANCD2 fulfills this role in concert with the upstream FA core complex and several downstream FA proteins such as BRCA2 and RAD51 (4, 26) . Second, FANCD2 promotes restart of the stalled replication forks while blocking the firing of new replication origins (22, 24, 25) . Interestingly, the fork restart function of FANCD2 does not depend on the FA core complex nor on FANCD2 monoubiquitination (25) . Instead, the non-ubiquitinated FANCD2 isoform binds chromatin upon replication fork stalling and cooperates with downstream FA factors such as BRCA2 and FANCJ (25) as well as non-FA DNA repair proteins such as the BLM (Bloom syndrome) helicase complex (22) , CtIP (C-terminal interacting protein) (24) and FAN1 (Fanconiassociated nuclease 1) (23) to promote fork restart. Intriguingly, previous findings from our laboratory suggested that FANCD2 may fulfill some of its roles during the cellular replication stress response independently of FANCI. Using the Xenopus laevis S-phase extract system, we showed that FANCD2 dissociates from FANCI upon replication stress and is recruited to chromatin prior to FANCI (27) . Moreover, FANCD2 participates in the assembly of the BLM complex independently of FANCI (22) . However, if and how FANCI contributes to mechanisms of replication stress recovery is not well understood.
To dissect the roles of FANCI and FANCD2 during the replication stress response, we generated human FANCI −/− , FANCD2 −/− and FANCI −/− :FANCD2 −/− knockout cells in an isogenic background (the HCT116 cell line). Analysis of these cells revealed that FANCI and FANCD2 act in concert to promote DNA ICL repair, but have partially independent roles during the HU-or APH-triggered replication stress response. Our findings indicate that FANCD2 fulfills crucial roles in mediating cellular resistance to HU or APH independent of FANCI. In fact, HU-or APH-triggered cell death in FANCD2-deficient cells was FANCI-dependent, suggesting opposing roles of FANCD2 and FANCI during cell survival. Moreover, FANCD2 played a significantly more important role during the HDR-mediated, RAD51-dependent mechanisms of replication fork restart and DNA DSB repair. Our results suggest that whereas FANCD2 supports cellular survival and fork recovery in the face of APHor HU-triggered replication stress, FANCI may in fact oppose those functions.
MATERIALS AND METHODS

Generation of FANCI-null (I −/− ) and FANCD2-null (D2 −/− ) cells using rAAV-mediated gene targeting
FANCI-null and FANCD2-null HCT116 cells were generated using rAAV (recombinant adeno-associated virus)-mediated gene targeting (28) . Conditional and knock-out rAAV vectors targeting FANCI exon 10 and FANCD2 exon 12 were constructed using Golden Gate cloning and designed as described (28) (29) (30) . We targeted FANCD2 exon 12 and FANCI exon 10 since these exons both lie within regions encoding conserved protein domains associated with heterodimer formation and putative DNA binding (31) (32) (33) , and the deletion of these exons should result in frameshift mutations. The first round of targeting with a conditional vector replaced FANCI exon 10 and FANCD2 exon 12 with their respective conditional, floxed (flanked by LoxP sites) alleles along with an NEO (neomycin) selection cassette, also flanked by LoxP sites. G418-resistant clones were screened by polymerase chain reaction (PCR) to confirm correct targeting, and Cre (cyclization recombinase) transiently expressed from an adenoviral vector (hereafter AdCre) was then used to remove the NEO selection cassette as described (28) (29) (30) . Retention of the FANCI floxed exon 10 and FANCD2 floxed exon 12 in the conditional allele was confirmed by PCR. The second round of FANCD2 gene targeting was performed in the FANCD2 flox/+ cells with a knock-out rAAV vector in which exon 12 was replaced with an NEO selection cassette. The second round of FANCI gene targeting was performed in the FANCI flox/+ cells using the same conditional vector that had been used in the first round of targeting. G418-resistant clones were screened by PCR for correct targeting. Primer sequences for all PCR reactions are listed in Supplementary Table S1 . AdCre recombinase was then used to remove both the NEO selection cassette and the conditional allele(s) and resulted in viable I −/− and D2 −/− clones. Two independent I −/− clones (labeled as clones #28 and #30) and a single D2 −/− clone (labeled as clone #39) were generated. These three clones and the clones described below were used interchangeably for most of the subsequent experiments. A guide RNA (gRNA) targeting FANCD2 exon 11 was designed so that Cas9 (CRISPR associated 9) cleavage would disrupt an endogenous restriction enzyme recognition site for BpuEI. The gRNA was cloned into a CRISPR (clustered regularly interspersed short palindromic repeats)/Cas9 plasmid (hSpCas9-2A-Puro/px459) as described (34) . WT (wild-type) HCT116 cells were transfected with the CRISPR/Cas9 plasmid containing the gRNA targeting FANCD2 exon 11 using Lipofectamine 3000 (Life Technologies). Two days after transfection, the cells were subcloned, and individual subclones were screened for targeting by PCR amplification of exon 11 and by subsequent digestion with the restriction enzyme BpuEI (New England BioLabs, Inc.). Clones that were resistant to digestion with BpuEI were TOPO TA cloned (Life Technologies). Sequencing of the TOPO TA clones confirmed targeted bi-allelic disruption that induced frameshifts in FANCD2, generating an independent FANCD2-null cell line, designated as clone #29 (Supplementary Figure S1A) . In a highly similar fashion FANCI-null cells were also transfected with the CRISPR/Cas9 plasmid containing the gRNA targeting FANCD2 exon 11 using Lipofectamine 3000 (Life Technologies). Subsequent sequencing of the resulting TOPO TA clones confirmed targeted bi-allelic disruption that induced frameshifts in FANCD2, generating two independent ID2 DKO (double knockout) cell lines, which were arbitrarily designated as clone #1 and clone #2. Western blot analysis further confirmed that these clones were null for FANCD2 and FANCI expression. Primer sequences for all PCR reactions are listed in Supplementary  Table S1 .
To demonstrate unequivocally that the reagents (rAAV or CRISPR/Cas9) were irrelevant to the resulting phenotypes of the cell lines used in these experiments we also generated additional ID2 DKO clones (arbitrarily designated as clones #3 and #4). These clones were created starting with D2 −/− clone #29 (CRISPR/Cas9 generated) and D2 −/− clone #39 (rAAV generated) cell lines, respectively. A gRNA targeting FANCI exon 9 was designed so that Cas9 cutting would disrupt an endogenous restriction enzyme recognition site for AcuI. The gRNA was cloned into a CRISPR/Cas9 plasmid (hSpCas9(BB)-2A-GFP/ PX458; Addgene plasmid #48138). This CRISPR/Cas9 plasmid co-expresses Cas9 and GFP, and therefore GFP-expressing cells were collected two days after transfection by flow cytometry and subcloned. Subclones were screened for correct targeting by PCR amplification of FANCI exon 9 and subsequent digestion with AcuI (New England BioLabs, Inc.). Clones that were resistant to digestion with AcuI were TOPO TA cloned and ID2 −/-clones #3 and #4 were sequence confirmed for biallelic frameshift-inducing mutations ( Supplementary Figures S1B and C) . Additionally, western blot analyses confirmed that these cell lines did not express any WT FANCI or FANCD2 protein nor was there any evidence of expression of potential truncated protein products (Supplementary Figures S1D and E) . In toto, these experiments demonstrated that the cells were functional DKOs. DKO clones #3 and #4 were used exclusively in the experiments in which growth of the cell lines was assessed ( Figure 4A ).
Complementation of D2
−/− and I −/− cells For expression of hFANCD2, the human FANCD2 transcript 1 cDNA (NM 001018115) was optimized by silent mutagenesis, thereby introducing unique restriction enzyme recognition sites and removing potential prokaryotic instability motifs, cryptic splice sites, RNA instability motifs and polyA sites (Hanenberg et al., in preparation). The cDNA was purchased from GenScript (Piscataway, NJ, USA). The D2 −/− cells were complemented using the optimized human FANCD2 expression cassette that was Gateway-cloned into a PiggyBac transposase vector containing a CAG (cytomegaloviral/beta-actin/beta-globin) promoter and an NEO selection cassette. G418-resistant clones were screened for FANCD2 expression by western blot analyses.
The I −/− cells were complemented by performing a third round of gene targeting to 'knock back in' a functional FANCI allele. This was accomplished using a CRISPR/Cas9 gRNA designed to target immediately 5 of the LoxP scar left when exon 10 was removed to create the I −/− cells. The FANCI conditional rAAV plasmid containing the FANCI exon 10 flanked by LoxP sites and an NEO selection cassette, also flanked by LoxP sites was used as the donor template. G418-resistant clones were screened for the knock-in of FANCI exon 10, and PCR was used to confirm heterozygous knock-in in two clones. The NEO selection cassette was subsequently removed by transient treatment with AdCre recombinase, and retention of FANCI exon 10 was confirmed by PCR and DNA sequencing. Restored FANCI expression from the knock-in floxed allele was confirmed by Western blot analyses. Throughout the manuscript, the complemented cell lines are designated as (D2 −/−:D2 , I −/−:I ) for D2-and I-null, cells respectively.
Finally, I
−/− cells overexpressing FANCD2 protein were established by introducing a PiggyBac transposon containing the FANCD2 codon-optimized cDNA described above into I −/− cells (clone #28). Two FANCD2-overexpressing FANCI-null cell lines (named clones #2 and #12) were identified by Western blot analysis. These clones were designated as I −/−:D2o/e .
Cell proliferation assay
WT cells, knockout cells and complemented cells were plated in 6-well tissue culture plates according to their plating efficiency: WT cells were plated at 2500 cells/well, complemented cells (D2 −/−:D2 , I −/−:I ) were plated at 5000 cells/well and the D2 −/− , I −/− and ID2 DKO cells were plated at 6000 cells/well. Cell counts were performed in triplicate 4, 6 or 8 days after seeding.
MMC sensitivity assay
Cells were plated in triplicate in 96-well plates according to their plating efficiency. WT cells were plated at 750 cells/well, complemented cells (D2 −/−:D2 , I −/−:I ) were plated at 1000 cells/well and the D2 −/− , I −/− and ID2 DKO were plated at 1200 cells/well. On the following day, the media was removed and replaced with media containing 0, 5, 10 or 15 nM MMC. Cells were allowed to grow for 5 days and cell viability was measured with CellTiter96 Aqueous (Promega) according to the manufacturer's instructions. The viability of MMC-treated cells was normalized to the average viability of the untreated control cells for each cell line.
Cell cycle analysis
WT cells, knockout cells and complemented cells were plated in 6-well plates according to their plating efficiency. WT cells were plated at 100 000 cells/well, singly-null and complemented cells were plated at 200 000 cells/well and DKO cells were plated at 32 000 cells/well. After 24 h, the media was removed and either untreated media, media containing 100 nM APH or media containing 10 nM MMC was added to the cells. After 24 h the cells were harvested and fixed with 1% paraformaldehyde and subsequently with cold 70% ethanol. Fixed cells were washed with PBS (phosphate-buffered saline), stained (with PBS containing 40 g/ml propidium iodide; 100 g/ml RNase A) and RNase treated (37 • C for 30 min). Samples were then filtered through a cell strainer cap (Corning) and sorted on a BD Accuri C6 instrument and analyzed using FlowJo software (V10.1).
Colony forming assay
WT cells, null cells and complemented cells were plated in 6-well plates in triplicate according to their plating efficiency. WT cells were plated at 300 cells/well, complemented cells (D2 −/−:D2 , I −/−:I ) were plated at 400 cells/well, I −/− cells were plated at 600 cells/well and D2 −/− and ID2 DKO cells were plated at 800 to 1000 cells/well. After 24 h, the media was removed and dimethyl sulfide (DMSO) media or media containing 0, 50 100 or 150 M HU, or media containing 0, 10, 25 or 50 nM APH was added in triplicate. Cells were incubated for 12 to 14 days, washed in PBS, fixed in 10% acetic acid/10% methanol and stained with Coomassie as described (35) . Colonies reaching a minimum size of 50 cells were counted and normalized to the average colony number in untreated wells.
DNA repair assays
The HDR reporter assay was performed with the DR-GFP plasmid as described (36) . The DR-GFP reporter plasmid contains two mutated GFP genes in tandem, and one of the mutated GFP genes contains an I-SceI restriction enzyme recognition site. If HDR/gene conversion between the two mutated GFP genes is used to repair the DSB induced by I-SceI digestion, then GFP expression is restored.
The A-NHEJ (alternative non-homologous end joining) reporter assay was performed with the pEJ2-GFP plasmid as described (30, 37) . The pEJ2-GFP reporter plasmid contains a GFP expression cassette interrupted by an ISceI restriction enzyme site and three stop codons flanked by 8 bp of microhomology. If microhomology-mediated repair (i.e. A-NHEJ) is used to repair the DSB induced by I-SceI restriction enzyme digestion, then GFP expression is restored. For both DNA repair assays, three plasmids including the reporter plasmid (DR-GFP or pEJ2-GFP), an I-SceI expression plasmid, and a mCherry expression plasmid (which was used as a transfection control) were co-transfected into the cells using Lipofectamine 3000 (Life Technologies). Seventy-two hours after transfection, the cells were fixed with 4% paraformaldehyde and sorted by FACS (fluorescence-activated cell sorting). The DNA repair efficiencies were determined as the number of dual GFP-positive and mCherry-positive cells divided by the number of mCherry-positive cells. The values were normalized to the repair efficiency observed in WT cells. For the RS-1 treatment during the HDR assay, 7.5 nM RS-1 was added to the media 2 h prior to plasmid transfection. Fresh media containing 7.5 nM RS-1 was added again 24 h after transfection.
Preparation of whole cell extracts (WCE), as well as nuclear and chromatin fractions
For WCE (whole cell extract) preparation, cells were washed in PBS, resuspended in lysis buffer (10 mM Tris pH 7.4, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 1 mM ethylenediaminetetraacetic acid, 1 mM dithiothreitol (DTT), 0.5 mg/ml pefabloc protease inhibitor) and incubated on ice for 20 min. Cell extracts were centrifuged for 5 min at 10 000 rpm, and the supernatant was used for further analysis. Nuclear and chromatin fractions were prepared using a Subcellular Protein Fractionation Kit (Thermo Scientific).
Antibodies
The following antibodies were used for western blotting and immunofluorescence assays: anti-FANCD2 (Santa Cruz, sc-20022 and Abcam, ab2187), anti-FANCI (Bethyl Laboratories, A300-212), anti-FANCI (38), anti-Ku86 (Santa-Cruz, sc-5280), anti-CtIP (39), anti-RAD51 (Santa Cruz sc-8349), anti-GAPDH (Genetex, GTX627408), antitubulin (Abcam, ab7291), anti-␥ -H2AX (Bethyl Laboratories, A300-081), anti-phospho-p53 (Ser15) (Santa Cruz, sc-11764-R), anti-p21 (Santa Cruz, sc-397) and anti-PCNA (Calbiochem, PC10).
Immunoblotting
Protein samples were separated on gradient gels and transferred to Immobilon P membranes (Millipore). After blocking in 5% milk, the membranes were incubated with the following primary antibodies: FANCD2 (1:1000), FANCI (1:2000), Ku86 (1:5000), GAPDH (1:5000), CtIP (1:400), PCNA (1:5000), ␥ -H2AX (1:10,000), phosphop53 (1:1,000) and p21 (1:400). A horseradish peroxidaseconjugated rabbit secondary antibody (Jackson Laboratories) or a mouse secondary antibody (Biorad) were used at dilutions of 1:10 000 and 1:3000, respectively. Protein bands were visualized using an EL Plus system (Amersham).
Immunofluorescence analysis of DNA repair foci
Indirect immunofluorescence was carried out essentially as described (40) . The primary antibodies used were: FANCD2 (Abcam, ab2187, 1:4000), CtIP (mouse monoclonal, 1:400) and RAD51 (Calbiochem, PC130, 1:1000). The secondary antibodies used were: Alexa Fluor 594-conjugated goat anti-rabbit (1:1000) and Alexa Fluor 488-conjugated goat anti-mouse (1:1000; Molecular Probes). For statistical analysis of nuclear foci formation, images were taken using a Leica DM LB2 microscope with a Hamamatsu Orca-ER camera. Quantification of CtIP and RAD51 foci was carried out using ImageJ.
DNA fiber assay
We used a vetted DNA fiber protocol (41) . Moving replication forks were labeled with DigU (digoxigenin-dUTPs) for 25 min and then with BioU (biotin-dUTPs) for 40 min. To allow efficient incorporation of the dUTPs, a hypotonic buffer treatment (10 mM HEPES, 30 mM KCl, pH 7.4) preceded each dUTP-labeling step. To visualize labeled fibers, cells were mixed with a 10-fold excess of unlabeled cells, fixed and dropped onto slides. After cell lysis, DNA fibers were released and extended by tilting the slides. Incorporated dUTPs were visualized by immunofluorescence detection using anti-digoxigeninRhodamine (Roche) and streptavidin-Alexa-Fluor-488 (Invitrogen). Images were captured using a Deltavision microscope (Applied Precision) and analyzed using Deltavision softWoRx 5.5 software. All DNA fiber results shown are the means of two or three independent experiments (using 300 DNA fibers/experiment). Error bars represent the standard error of the mean (SEMS) and the significance was determined by t-test and Mann-Whitney tests. Statistical significance at P < 0.05, P < 0.01 and P < 0.001 are indicated as *, **, ***, respectively.
Molecular DNA combing assay
We carried out DNA combing assays (42) as described in the manufacturer's protocol (Genomic Vision), with some modifications as described below. Briefly, moving replication forks were labeled with 5-chloro-20-deoxyuridine (CldU, Sigma-Aldrich) for 20 min and then with 5-iodo-20-deoxyuridine (IdU, Sigma-Aldrich) for 40 min. To achieve lysis, the cells were embedded in low-melting agarose (BioRad) followed by incubation in DNA extraction buffer (0.5M MES buffer, pH 5.5, Millipore). To stretch the DNA fibers, silanized coverslips (22 × 22 mm, Genomic Vision) were dipped into the extracted DNA buffer for 13 min and then pulled out a constant speed at 300 um/s. The coverslips were then baked at 60
• C for 4 h and incubated with 2.5 M HCl for denaturation. Incorporated CldU and IdU were visualized using a rat anti-BrdU antibody (dilution 1:50 ∼ 1:100 for CldU, Abcam) or a mouse anti-BrdU antibody (1:10 ∼ 1:50 for IdU, Becton Dickinson). Slides were fixed with 4% paraformaldehyde in PBS and incubated with Alexa Fluor 488-conjugated goat anti-rat antibody (dilution 1:100 ∼ 1:200, Molecular Probes/Thermo Fisher) or Alexa Fluor 568-conjugated goat anti-mouse antibody (dilution 1:100 to 1:200, Molecular Probes/Thermo Fisher) for 1 h. Finally, coverslips were mounted with ProLong Gold Antifade Reagent (Molecular Probes) and stored at −20
• C. DNA fiber images were captured using LSM880 microscope (Carl Zeiss).
All DNA combing results shown are the means of two or three independent experiments (using 300 DNA fibers/experiment). Error bars represent the standard error of the mean (SEMS) and the significance was determined by a t-test. Statistical significance at P < 0.05, P < 0.01, and P < 0.001 are indicated as *, **, ***, respectively.
Statistical analysis
Error bars represent the standard deviation of the mean and P-values were determined using a Student's t-test. Statistical significances at P < 0.05, P < 0.01 and P < 0.001 were indicated as *, ** and ***, respectively. A summary of all Pvalues for results shown in Figures 3-6 is provided in Supplementary Table S2 .
RESULTS
Generation and complementation of human FANCI, FANCD2 and FANCI:FANCD2 DKO knockout cell lines
To knock out the FANCD2 and FANCI genes in the parental HCT116 cell line, a conditional knockout approach was used. We chose this approach since all patientderived cells from complementation groups FA-D2 and FA-I described to date exhibit residual expression of FANCD2 (43) or FANCI (12, 44, 45) , respectively, which raised the possibility that FANCD2 and/or FANCI might be essential in human somatic cells. The conditionally null cell lines were created using recombinant adeno-associated virus (rAAV) gene targeting techniques, as described ( Figure 1 ) (28) (29) (30) 46) . Thus, the FANCD2 −/− cell line (D2 −/− clone #39) was generated using two rounds of rAAV gene targeting, first with the conditional vector ( Figure 1A ) and second with the knockout vector ( Figure 1B ). To unequivocally demonstrate that the technology utilized to generate the knockout cell lines was irrelevant to the cell's subsequent phenotypes we also generated (described in the 'Materials and Methods' section) a second FANCD2 knockout clone (D2 −/− clone #29) utilizing CRISPR/Cas9 technology. Similarly, the FANCI −/− cell lines (I −/− ) were generated using two rounds of targeting with a conditional rAAV vector ( Figure 1A ). In this fashion, two independent FANCInull clones were obtained and designated as clone #28 and clone #30, respectively. These experiments demonstrated that our original concern about the possibility of these genes being essential was unwarranted as null cell lines corresponding to both genes were readily isolated.
Deletion of the targeted exons was confirmed by PCR amplification across the deleted exon region resulting in significantly smaller PCR products for the null alleles (Figure 2A ). Since the FANCD2 exon 12 was targeted with two different rAAV vectors that were designed to generate different-sized deletions the D2 −/− genotype could consequently be confirmed by the appearance of the two differently-sized PCR products ('Null' bands of 365 and 151 bp; Figure 2A ). Confirmation of the I −/− genotype was achieved by PCR amplification across FANCI exon 10 resulting in a single PCR band representing deletion of exon 10 on both alleles ('Null' band of 252 bp; Figure 2A ).
To generate the FANCD2 −/− :FANCI −/− doubly-null cell line (ID2 DKO), we utilized CRISPR/Cas9 gene targeting to knock out FANCD2 in the I −/− cell line ( Figure  2B -D). A guide RNA was designed to target the Cas9 endonuclease to cleave within an endogenous restriction enzyme recognition site (BpuEI) in FANCD2 exon 11. Subsequently, mutagenic insertion or deletions (indels) created by end joining repair of the CRISPR/Cas9-mediated DSB in FANCD2 were detected by disruption of the BpuEI restriction enzyme site ( Figure 2B ). Screening of targeted clones revealed two independent clones with complete resistance to digestion with BpuEI, indicating bi-allelic disruption of FANCD2 in the I −/− cells ( Figure 2C ). Sequence analysis of the targeted region was used to confirm that both clones had CRISPR/Cas9-induced bi-allelic frameshift mutations in FANCD2, resulting in two independent viable ID2 DKO cell lines ( Figure 2D ; arbitrarily designated as clones #1 and #2, respectively). To once again demonstrate that the knockout technology used to construct the cell lines was irrelevant to their biological phenotypes, we also generated (described in the 'Materials and Methods' section) two additional ID2 DKO clones in a converse fashion to that described above, thus inactivating FANCI in a FANCD2-null cell line. These clones were arbitrarily designated as ID2 DKO clones #3 and #4, respectively.
Western blot analysis of WCE prepared from WT, D2 −/− , I −/− and ID2 DKO cells confirmed that the geneticallynull cells lacked expression of FANCD2, FANCI or both proteins, respectively, compared to the WT cells ( Figure   3A and B; Supplementary Figure S1D and E). Complementation of the D2 −/− cell line (D2 −/−:D2 ) was accomplished by stable genome integration of a constitutively expressed, sequence-optimized FANCD2 cDNA via a PiggyBac transposon vector. Interestingly, we were unable to follow this complementation strategy in I −/− cells, since these cells did not maintain stable FANCI protein expression of a constitutively expressed FANCI cDNA (regardless of whether the expression vector was a transposon, retrovirus or plasmid; data not shown), similar to previous reports (45, 47 Figure 3A and B), demonstrating a functional restoration of the key monoubiquitination step in both complemented cell lines.
FANCD2 and FANCI are partially independent for their protein stability, nuclear import and chromatin recruitment and contribute separately to normal cell proliferation
Several previous studies suggested that the FANCD2 and FANCI proteins stabilize one another, while other reports did not (12, 27, 44, 48) . To address this question, we compared the expression levels of FANCD2 and FANCI in WT, I −/− or D2 −/− cells that were untreated or treated with 2 mM HU. FANCD2 protein levels in WCEs were reduced by ∼50% in I −/− cells compared to WT cells regardless of the absence or presence of HU-induced DNA damage (Figure 3C) . Similarly, FANCI protein levels were reduced by ∼60% in untreated or HU-treated D2 −/− cells compared to WT cells ( Figure 3C ). Thus, approximately half of the cellular FANCD2 and FANCI protein levels remain unaffected in the absence of the respective binding partner.
FANCD2 and FANCI each contain nuclear localization signals and can bind chromatin constitutively; moreover their chromatin binding increases after replication stress induction (12, 27, (49) (50) (51) . To determine if FANCD2 and FANCI rely on each other for their nuclear import, we analyzed nuclear extracts from WT, D2 −/− or I −/− cells that were untreated or HU-treated for 6 or 24 h. In untreated conditions, D2 −/− and I −/− cells contained nuclear protein levels of FANCI and FANCD2, respectively, that were comparable to those in WT cells ( Figure 3D, compare lanes 1-3) . In contrast, while HU treatment stimulated a strong increase in nuclear FANCD2 and FANCI protein levels in the WT cells ( Figure 3D, lanes 1, 4 and 7 dependently in unperturbed conditions, but becomes interdependent during replication stress. To determine the extent to which FANCD2 and FANCI chromatin recruitment occurs interdependently, we prepared chromatin factions from WT, D2 −/− or I −/− cells that were either untreated or HU-treated for 6 or 24 h. In WT cells, FANCD2 and FANCI were robustly bound to chromatin and accumulated further during the course of HU treatment ( Figure 3E, lanes 1, 4 and 7) . In contrast, no chromatin-bound FANCI was detectable in the D2 −/− cells regardless of the presence or absence of HU ( Figure 3E, lanes 2, 5 and 8) . Interestingly, a small amount of residual chromatin-associated FANCD2 was detected reproducibly in untreated or HU-treated I −/− cells ( Figure  3E, lanes 3, 6 and 9 , red arrows). Since FANCD2 cannot become monoubiquitinated in I −/− cells ( Figure 3B and C), this finding demonstrates that the non-ubiquitinated FANCD2 isoform retains chromatin binding ability in the absence of FANCI. Thus, although FANCD2 and FANCI are monoubiquitinated in a strictly interdependent manner, they are partially independent of one another regarding their protein stability, nuclear accumulation and chromatin recruitment, hinting at separate cellular functions of the two factors. To further test this, we compared cellular growth between the WT or WT-like D2 
FANCD2 and FANCI act in concert during ICL repair
A hallmark of FA is the cellular hypersensitivity to ICLinducing agents such as MMC (52), accompanied by a persistent G2/M cell cycle arrest due to a failure to arrest (and repair) cells at the intra-S-phase checkpoint (1, 12, 53, 54) . To test if FANCD2 and FANCI cooperate to promote cellular resistance to DNA ICLs, we performed a survival assay. The cells were plated with increasing concentrations of MMC and the cell viability was measured after 5 days. −/− cells exhibited a strikingly increased, dose-dependent hypersensitivity to both HU and APH compared to WT cells (Figure 5A and B; Supplementary Figure S3A and B). In contrast, the I −/− cells did not exhibit any HU or APH hypersensitivity compared to WT cells, indicating that FANCI is dispensable for the cellular resistance to HU or APH. Strikingly, the ID2 DKO cells did not exhibit HU or APH sensitivity either, demonstrating that the depletion of FANCI restores the cellular resistance to these replication stressors in the absence of FANCD2 (Figure 5A or ID2 DKO cells. Cells were untreated or treated with doses of low HU (500 M) or high HU (2 mM) for 24 h and WCEs were analyzed for the DNA DSB markers ␥ -H2AX and phospho-RPA2 (replication protein A; phosphorylated at serines 4 and 8). We did not observe any differences in the spontaneous or HU-triggered ␥ -H2AX or phospho-RPA2 levels between the four cell lines, indicating that the DNA DSB burden per se is not elevated in cells lacking FANCD2 and/or FANCI ( Figure 5C and D) . Next, we asked if the chromatin recruitment of HDR repair proteins during replication stress was differently affected in D2 −/− cells compared to WT, I −/− or ID2 DKO cells. CtIP, a key HDR factor required for replication restart and DNA DSB repair, relies on FANCD2 for its own chromatin recruitment (24, 56, 57) . To analyze CtIP chromatin binding and CtIP relocalization into nuclear DNA repair foci, cells were left untreated or treated with 2 mM HU for 20 h, followed by chromatin blotting or immunofluorescence analyses. In support of our previous findings, CtIP recruitment to chromatin and into DNA repair foci was severely reduced in untreated and HU-treated D2 −/− cells compared to the WT cells (Figure 5E and F; Supplementary Figure S4) . However, the I −/− and ID2 DKO cells exhibited CtIP recruitment defects comparable to those observed in the D2 −/− cells, suggesting that CtIP recruitment to stalled or collapsed replication 8) and analyzed for phospho-p53 (S15) and p21 by western blot analysis. Ku86 was used as a loading control.
forks relies on both FANCD2 and FANCI. We next analyzed the HU-triggered foci recruitment of RAD51, a second key HDR protein that forms protein-DNA filaments and is required for replication fork recovery and HDR repair of DNA DSBs. As expected, WT cells showed spontaneous RAD51 foci formation (10% cells), which increased significantly following 2 mM HU treatment for 20 h (65% cells). Somewhat unexpectedly, the D2 −/− , I −/− and ID2 DKO cells were fully competent for RAD51 foci formation before and after HU treatment ( Figure 5G and Supplementary Figure S5 ), indicating that neither FANCD2 nor FANCI are crucial for the relocalization of RAD51 to HUinduced DNA repair foci. Supportive of this idea, we observed no difference in RAD51 foci formation in the untreated or HU-treated FA-D2 patient cell line, PD20, compared to its complemented counterpart, the PD20+D2 cell line (Supplementary Figure S6) .
In addition to its role in DNA repair, FANCD2 has also been implicated in the so-called DNA damage tolerance (DDT) pathway that allows for cellular survival in the face of persistent DNA damage and replication stress (58, 59) . A key activation step of this pathway is the monoubiquitination of PCNA (proliferating cell nuclear antigen), which in turn recruits DNA TLS (translesion synthesis) polymerases to promote continuous, albeit mutagenic, replicative DNA synthesis. Recent studies showed that HU-induced PCNA monoubiquitination (PCNA Ub ) occurs in a FANCD2-supported manner to promote cellular HU resistance (55, 60) . To test if PCNA Ub formation is affected differently in D2 −/− cells compared to WT, I −/− or ID2 DKO cells, cells were left untreated or treated with 2 mM HU for 20 h, followed by a chromatin blotting analysis. As expected, D2 −/− cells exhibited a decreased spontaneous and HU-induced PCNA Ub formation; however, we observed similarly reduced PCNA Ub levels in the I −/− or ID2 DKO cells ( Figure 5H ), suggesting that HU-induced PCNA monoubiquitination relies on both FANCD2 and FANCI.
Since none of these analyses adequately explained the unique hypersensitivity of D2 −/− cells to HU and APH we next assessed the status of activated p53 in all of the cell lines. WT and all three knockout cell lines were untreated or treated with APH for 20 h, followed by analysis of phospho-p53 (S15) and--as a relevant downstream p53 target--cellular p21 protein levels. Strikingly, phospho-p53 and p21 levels were highly elevated in untreated and APHtreated D2 −/− cells, but not in the WT, I −/− or ID2 DKO cells ( Figure 5I ). These findings suggest that FANCD2 may protect cells from FANCI-mediated, replication stressinduced cell death.
FANCD2 promotes the restart of stalled replication forks independently of FANCI
FANCD2 functions to restart HU or APH-stalled replication forks, while simultaneously suppressing the firing of new replication origins (22) (23) (24) (25) . To test if FANCI shares these functions, we monitored replication events in WT, D2 −/− , I −/− and ID2 DKO cells with a dual-labeling DNA fiber assay (22, 41) . Replication tracts were first labeled with DigU (red label) for 25 min, then left untreated or treated with 30 M APH for 6 h to cause replication fork arrest, followed by a second labeling with BioU (green label) for 40 min ( Figure 6A ). Different from the efficient fork restart in WT cells, the proportion of replication forks competent for restart after APH treatment was severely reduced in D2 −/− cells (45 versus 85%, P < 0.01) ( Figure 6B ). In parallel, the proportion of newly originated replication tracts (BioU label only) increased significantly (2-fold; P < 0.01) in D2 −/− cells compared to WT cells ( Figure 6C ). In contrast, we observed much milder replication restart defects in the I −/− cells (63%; P < 0.05) and the ID2 DKO cells (54%; P < 0.01), accompanied by a lower number of newly fired replication origins (I −/− cells: 1.4-fold, P < 0.05; ID2 DKO cells: 1.6-fold, P < 0.01) compared to the D2 −/− cells (Figure 6B and C) . Importantly, the replication restart efficiencies were significantly different between the three knockout cell lines, with an increase in restart efficiency in the order: Figure 6B ). To further validate these findings in the presence of a second replication fork stalling agent, HU, we performed a technically improved DNA replication fork restart analysis using DNA combing (42) . Moving replication forks were labeled with CldU (green label) for 20 min, then left untreated or treated with 4 mM HU for 4 h to cause replication fork arrest, followed by a second labeling with IdU (red label) for 40 min ( Figure 6D) . Comparable to what we observed following APH-mediated fork stalling, WT cells exhibited efficient fork restart following HU treatment, whereas the proportion of restarted replication forks after HU treatment was significantly reduced in D2 −/− cells (68%, P < 0.01) ( Figure  6E ). Moreover, we observed milder replication restart defects in the I −/− cells (81%; P < 0.05) and in the ID2 DKO cells (71%; P < 0.01).
These findings indicate that FANCD2 plays a more crucial role than FANCI during replication fork restart and the inhibition of new origin firing. Moreover, the fact that FANCI depletion in D2 −/− cells improved these cells' ability to restart replication forks and suppress new origin firing, particularly after APH treatment, provocatively suggests that FANCI may have an inhibitory effect on both mechanisms in the absence of FANCD2.
Considering that non-ubiquitinated FANCD2 retains weak chromatin binding activity in I −/− cells (see Figure 3E) , we then hypothesized that the few remaining chromatin-bound FANCD2 molecules may still be functional and capable of promoting replication fork restart in the absence of FANCI. If this were indeed the case, it should be possible to completely alleviate the replication fork restart defect in I −/− cells by increasing the amount of chromatin-bound FANCD2. To test this, we overexpressed FANCD2 in I −/− cells (I −/−:D2o/e , Figure 7A ), resulting in chromatin-bound, non-ubiquitinated FANCD2 levels comparable to those observed for chromatin-bound, monoubiquitinated FANCD2 in WT cells, before and after HU treatment ( Figure 7B ). WT, D2 −/− and I −/− cells, as well as two different I −/−:D2o/e cell clones, were then analyzed for their replication fork restart efficiencies following HU treatment using the DNA combing assay. Strikingly, unlike the I −/− cells that were moderately defective for replication fork restart (81%, P < 0.05), both I −/−:D2o/e cell clones were completely proficient in restarting HU-stalled replication forks, BioU tracts) , compared with the total number of DigU-labeled tracts (DigU plus DigU-BioU). Statistical significance at P < 0.05, P < 0.01 and P < 0.001 are indicated as *, **, ***, respectively. (C) FANCD2 plays a more crucial role than FANCI in suppressing new origin firing in the presence of stalled replication forks. WT, D2 −/− (clone #39), I −/− (clone #28) , and ID2 DKO (clone #1), as well as the complemented cells were analyzed for the fraction of newly fired replication origins during the 40 min post-APH recovery period. Fractions were measured as the number of green-only (BioU) tracts compared with the total number of spreading replication tracts (BioU plus DigU-BioU). Statistical significance at P < 0.05, P < 0.01 and P < 0.001 are indicated as *, **, ***, respectively. (D) Schematic of the DNA combing assay with representative images of stretched DNA fibers. Green tracks: CldU; red tracks: IdU. (E) FANCD2 plays a more crucial role than FANCI in promoting the restart of HU-stalled replication forks. The efficiency of replication restart in WT, D2 −/− (clones #29 and #39), I −/− (clones #28 and #30) and ID2 DKO (clones #1 and #2) was measured as the number of restarted replication forks after HU-mediated fork stalling (CldU-IdU tracts), compared with the total number of CldU-labeled tracts (CldU plus CldU-IdU). Data points were averaged between clones of identical genetic backgrounds. Statistical significance at P < 0.05, P < 0.01 and P < 0.001 are indicated as *, **, ***, respectively. comparable to the WT cells ( Figure 7C ). These results indicate that non-ubiquitinated, chromatin-bound FANCD2 is fully competent to promote replication fork restart in the absence of FANCI.
Stabilizing RAD51 nucleoprotein filaments restores HDRmediated DNA DSB repair in cells lacking functional FANCD2
Cells can utilize HDR to repair DNA DSBs (5,61), including those created by the unhooking of a DNA ICL lesion (9, 10) . In addition, a growing number of HDR factors have been implicated in promoting replication fork recovery in concert with FANCD2 (4,22-26,62) , suggesting that the restart machinery utilizes HDR-related mechanisms to restart DNA synthesis at a stalled fork. To investigate the roles of FANCD2 and FANCI in HR-mediated DNA DSB repair we utilized a well-established reporter plasmid DNA repair assay (36) . In this assay, a plasmid containing two non-functioning GFP genes in tandem is transfected into the cells. One non-functioning GFP gene contains an I-SceI restriction enzyme recognition site and the other is truncated at both the 5 -and 3 -ends. Digestion of the plasmid with I-SceI creates a DNA DSB in the non-functional GFP gene that can subsequently use the truncated GFP gene as template to restore GFP expression by homologydirected gene conversion repair. As a control for this assay, we included the RAD54B −/−/− HCT116 cell line that has Results were averaged from a minimum of three replicates and normalized to the average repair efficiency in the WT cells. Data points were averaged between clones of identical genetic backgrounds. Statistical significance at P < 0.05, P < 0.01, P < 0.001 and P < 0.0001 are indicated as *, **, ***, **** respectively. (B) The HDR assay shown in (A) was repeated for the WT, D2 −/− , I −/− and ID2 DKO cells in the absence or presence of the RAD51 stabilizer, RS-1 (7.5 mM). Results were averaged from a minimum of three replicates and normalized to the average repair efficiency in the WT cells. Statistical significance at P < 0.05, P < 0.01, P < 0.001 and P < 0.0001 are indicated as *, **, ***, **** respectively.
an established HDR defect (63, 64) . The D2 −/− cells were severely deficient in HDR-mediated DNA DSB repair (34% of WT), a level that was comparable to the RAD54B −/−/− cells ( Figure 8A ). In contrast, the I −/− and ID2 DKO cells exhibited much milder HDR repair defects (62 and 56% of WT, respectively ( Figure 8A) ). These results indicate that (i) FANCD2 has a more important role than FANCI in HDRmediated DNA DSB repair and--surprisingly that--(ii) FANCI opposes HDR-mediated DNA DSB repair in the absence of FANCD2.
FANCD2 was proposed to recruit the HDR factor RAD51 to chromatin during replication stress and to stabilize RAD51 nucleoprotein filaments that are crucial to promote HDR mechanisms of replication fork recovery and DSB repair (4, 65) . Thus, we wanted to ask if the HDR repair deficiency observed in cells lacking functional FANCD2 can be overcome by stabilizing RAD51 filament formation. To this end, we repeated the GFP HDR assay described above in WT, D2
−/− I −/− and ID2 DKO cells in the absence or presence of a RAD51 filament stabilizing agent, RS-1 (66) . In the presence of RS-1, all three knockout cell lines restored their HDR repair efficiency to a level comparable to the untreated WT cells ( Figure 8B ). Taken together, these findings support a current model (65) in which chromatin-bound FANCD2 plays a crucial role in stabilizing RAD51 filament formation during HDR-mediated DNA repair and, consequently, replication fork recovery.
DISCUSSION
In this study, we analyzed the functions of FANCD2 and FANCI during DNA replication, using isogenic knockout cell lines. Our results suggest that FANCD2 and FANCI fulfill partially independent and at times opposing roles in the cellular replication stress response ( Figure 9) .
A novel cell model to study common and independent roles of FANCD2 and FANCI (12, 24, 25, 44) . In contrast, our system allowed for a functional dissection of the roles of FANCD2 and FANCI in identical genetic background settings and in the complete absence of any FANCD2 and/or FANCI protein expression. On a technical note, but similar to previous reports (45, 47) , our attempts to complement I −/− cells with a stably integrated FANCI cDNA were unsuccessful due to the rapid loss of FANCI expression, strongly suggesting that cells may not tolerate FANCI expression from a random genomic locus or, more likely, that FANCI overexpression is toxic (see also below).
Based on the fact that all known FA-D2 or FA-I patient cell lines have residual FANCD2 and FANCI (respective) expression (12, 43, 44) , we predicted that the complete loss of one or both proteins may be lethal. However, the D2 −/− , I −/− and ID2 DKO cell lines were viable, indicating that neither FANCD2 nor FANCI are essential in human somatic cells; needless to say, however, these experiments do not rule out important developmental roles for either of these genes, a likelihood that is consistent with the developmental abnormalities often observed in FA patients. While not formally essential, both proteins contribute to cellular proliferation. Importantly, the fact that ID2 DKO cells proliferated significantly slower than either of the singly-null cells demonstrates that FANCD2 and FANCI have (at least) partially non-overlapping roles during normal cellular proliferation. Consistent with this idea, in the Xenopus system the ID2 dimer dissociates upon activation in S-phase, followed by consecutive recruitment of FANCD2 and FANCI to S-phase chromatin (27) . Furthermore, FANCD2 acts independently of FANCI to assemble and recruit the BLM helicase complex to replicating chromatin (22) .
A separation-of-function between FANCD2 and FANCI is further supported by our finding that ∼40 to 50% of ei- ther protein is stably expressed in absence of the respective other partner, in agreement with some previous studies (12, 44, 48) . Interestingly, nuclear accumulation of FANCD2 and FANCI occurred independently of one another in unperturbed conditions. This suggests that FANCD2 and FANCI are not interdependent for their nuclear localization per se: in unperturbed conditions, cells simply upregulate the nuclear import of residual FANCI in absence of FANCD2 and vice versa, possibly in an attempt to partially compensate for one another. During replication stress however, the reduced FANCI and FANCD2 protein levels in I −/− and D2 −/− cells, respectively, become limiting and block sufficient nuclear FANCD2 and FANCI accumulation. Inconsistent with this interpretation, it has been reported that the FA-D2 patient cell line, PD20, lacks any nuclear FANCI protein compared to the complemented PD20+D2 cells (50) . We suggest that this discrepancy may be because the difference in FANCI protein expression appears to be greater between the PD20 cells and the highly FANCD2-overexpressing PD20+D2 cells (12) than between our D2 −/− and D2 −/−:D2 cells.
Different roles for chromatin-bound and non-chromatinbound FANCD2 and FANCI?
Importantly, the independent nuclear accumulation of FANCD2 and FANCI was not mirrored by their chromatin binding behavior, since both proteins appeared to be strongly interdependent for chromatin recruitment even in unperturbed conditions. Considering that the three knockout cell lines have significantly different growth rates, the chromatin binding ability of FANCD2 and FANCI is not indicative of a cell's proliferation ability. This in turn suggests that FANCD2 and FANCI have functions that do not require a direct association with chromatin and supports accumulating evidence that FANCD2 and FANCI have independent roles, such as the (only FANCImediated) stabilization of the FA core complex on chromatin or the (only FANCD2-mediated) support of A-NHEJ DNA repair mechanisms (see also Supplementary Figure S7 ) (22, 25, 27, 47, 55, 62, 67) . Our observation that non-ubiquitinated FANCD2 is present on chromatin in the absence of FANCI is in agreement with our previous findings that non-ubiquitinated FANCD2 binds chromatin in FANCI-depleted Xenopus extracts (22, 27) and supports a recent study that showed that FANCD2 binds DNA prior to being monoubiquitinated (68) . Moreover, we have shown that low levels of non-ubiquitinated FANCD2 accumulate on chromatin in an APH-inducible manner to promote replication fork restart, regardless of the presence or absence of a functional FA core complex (25) . Finally, this current study shows that I −/− cells that have residual levels of chromatin-bound, non-ubiquitinated FANCD2 are still capable of partially supporting replication fork restart following APH or HU treatment; moreover, simply increasing the chromatin-bound FANCD2 levels via FANCD2 overexpression completely alleviated the replication restart defects in these cells. In toto, these observations argue strongly that the non-ubiquitinated FANCD2 isoform is functional in its chromatin-bound state.
Importantly, however, the residual FANCD2 chromatin binding in FANCI-deficient cells did not alleviate their ICL sensitivity, reinforcing the model of a linear FA ICL repair pathway, where the FANCI-dependent FANCD2 monoubiquitination is crucial for cellular ICL resistance (12, 14, 44, 69) (Figure 8A ). Thus, these experiments define a separation-of-function for FANCD2 monoubiquitination: it is required for ICL repair but dispensable for replication fork restart.
The striking finding that only D2 −/− cells --but not I −/− or ID2 DKO cells--were sensitive to HU or APH and exhibited elevated activation of phospho-p53 and p21 expression is supported by a recent report showing HU sensitivity in FA-D2 patient cells (55) . Together, these studies suggest that FANCD2 may prevent FANCI-mediated cell death fol-lowing replication stress ( Figure 9 ). Since D2 −/− cells are indistinguishable from I −/− or ID2 DKO cells regarding their spontaneous or stress-induced DNA DSB accumulation, and the recruitment of HDR repair factors or the activation of the DDT pathway, FANCD2's role in preventing APH-or HU-triggered cell death appears to be separate from its role in protecting chromosomal stability. Moreover, since I −/− and ID2 DKO cells are equally resistant to HU or APH despite harboring different residual chromatin-bound FANCD2 levels, FANCD2's role in preventing APH/HUinduced cell death may in fact not depend on its own chromatin association. Consistent with our findings and interpretation, a role for FANCD2 in preventing apoptosis and cell death was also suggested by several groups (70) (71) (72) . Moreover, a recent study showed that siRNA-mediated knockdown of FANCI, but not FANCD2, substantially reduced cellular apoptosis after UV treatment (67) . Clearly, in the future, the mechanistic basis of FANCD2 s putative role in cell death induction will be a key question for the field to answer (Figure 9 ).
Opposing roles for FANCD2 and FANCI during HDRmediated mechanisms of fork recovery and DNA DSB repair?
In agreement with our previous findings (22) (23) (24) , FANCD2 promoted the restart of APH-stalled replication forks, a process that requires several members of the HDR repair machinery, including RAD51 (22, 24, 25, 41, 73) . The fact that the HDR repair defect in D2 −/− cells could be almost completely rescued by stabilizing RAD51 filaments via RS-1 supports a model in which FANCD2 functions to (i) promote replication fork restart and (ii) protect nascent DNA from nucleolytic degradation (4, (22) (23) (24) by promoting RAD51 filament formation. In support of this model, a recent study showed that the FANCD2:FANCI heterodimer stabilizes RAD51 filament formation in vitro (65) . It should be noted that wild-type-like RAD51 foci formation was observed in all three knockout cell lines including the D2 −/− cells ( Figure 5G ), seemingly contradicting the idea that FANCD2 is required for RAD51 filament formation. However, findings from our laboratory and others (24, 73) indicate that foci formation of HDR repair factors, such as RAD51 or CtIP, does not occur at intact stalled replication forks, but instead occurs much later once the forks have collapsed. The question, therefore, of whether RAD51 foci can form in the absence of FANCD2 remains controversial (65, (74) (75) (76) (77) (78) .
The I −/− cells exhibited milder defects in HDR-mediated replication restart and DSB repair than the D2 −/− cells, initially suggesting separate roles for FANCD2 and FANCI during HDR as well. However, two additional findings suggest otherwise: first, overexpression of FANCD2 completely rescued HDR-mediated replication restart defects in I −/− cells. Second, ID2 DKO cells exhibited a less pronounced HDR defect than the D2 −/− cells. Thus, FANCI's role in HDR may be to simply stabilize FANCD2, which by itself is the actual recruiter of HDR factors. In this scenario, the residual chromatin-bound, non-ubiquitinated FANCD2 would allow I −/-cells to partially support HDR-mediated fork restart, similar to chromatin-bound FANCD2 in FA core complex-deficient cells (25) . Importantly, FANCD2-and FANCI-deficient cells can compensate for their replication restart defects by the enhanced firing of new replication origins (22, 41) , which likely counteracts chromosomal instability in the presence of replication stress. Our finding that cells lacking FANCI modestly upregulate new origin firing during replication stress seemingly contradicts a recent study showing that FANCI is required for new origin firing during replication stress (62) . However, these authors investigated the role of FANCI mostly under continuous low replication stress conditions (0.2 mM HU), whereas our study used transient, high replication stress conditions (30 M APH for 6 h), indicating, at the very least, that FANCI is not required for new origin firing when replication forks are stalled for several hours.
Perhaps the most unexpected finding was that cells lacking both FANCD2 and FANCI exhibited intermediate HDR repair and replication fork restart defects, more severe than FANCI-deficient cells, but less severe than FANCD2-deficient cells. We suggest at least two possible explanations: (i) FANCI actively opposes FANCD2 to negatively regulate HDR or (ii) FANCD2 and FANCI work in concert during HDR, but FANCI becomes inhibitory to HDR in the absence of FANCD2 (Figure 9 ). FANCD2 and FANCI can form a protein complex with RAD51 and contribute to RAD51 recruitment to DNA (65) . If FANCI is in fact the direct interactor with RAD51 in vivo, the nuclear (but not chromatin-bound) FANCI may actively sequester RAD51 away from the DNA in FANCD2-deficient cells, causing the particularly severe HDR phenotype observed in these cells. Importantly, in both of these scenarios it would be predicted that the overexpression of FANCI would be deleterious for HDR (and presumably, therefore, cell viability), which was indeed observed by us and others in our inability to establish FANCI-overexpressing complemented clones. Last, it may also be possible that only in the absence of both proteins is a compensatory/back-up pathway engaged that can facilitate RAD51 recruitment.
In summary, our findings suggest a model in which FANCD2 and FANCI have partially non-overlapping roles in promoting cell survival and HR-mediated fork recovery in the presence of APH or HU-induced replication stress.
